Abstract
Introduction
Cerebrospinal fluid (CSF) analyses, reflecting metabolic and pathological states of the central nervous system, are widely used for Parkinson disease (PD) biomarker discovery [1] [2] [3] . Although most studies in large cohorts report a panel of CSF markers, including α-synuclein (α-syn), amyloid beta peptide 1-42 (Aβ ) and phosphorylated tau (181P) (p-tau), total tau (t-tau), were useful in distinguishing PD from controls [1, 3] , the data between studies are not consistent due to variation in group sizes, pre-analytical confounding factors and assay characteristics [4] [5] [6] [7] . Furthermore, though some studies reported a relationship between the biomarkers and PD clincial progression [5, [8] [9] [10] , it remains unclear how these CSF markers relate to striatal dopamine degeneration in PD [4, 11] .
Vesicular monoamine transporter 2 (VMAT2) is the protein responsible for transporting dopamine, serotonin, and norepinephrine into synaptic vesicles [12] . VMAT2 imaging has been shown to be a biomarker for the monoaminergic neuron integrity in PD [13] [14] [15] . 18 F-AV133, a positron emission tomography (PET) tracer for VMAT2 imaging that is being developed for commercial distribution, has been shown to be a promising tracer for detecting and monitoring the VMAT2 reduction in PD [13] . Therefore, the 18 F-AV133-PET data is likely to allow us to directly assess the degeneration of monoaminergic neuron in the living PD brain. In fact, a correlation between 18 F-AV133 uptake and cognitive impairment has been reported in Lewy body dementia patients [15] . The combination of CSF Aβ , tau and molecular imaging has been widely studied as measures of diagnosis and disease progression in Alzheimer's disease (AD) in recent years [16] [17] [18] . Combining molecular imaging that measures loss of synaptic function with CSF biomarkers that reflect pathologic protein accumulation may provide further insights into the mechanisms underlying neurodegenerative diseases [19] . Thus, in this study, we quantified the CSF levels of proteins for PD and AD pathology in PD patients and correlated these data with cerebral VMAT2 measured by 18 F-AV133-PET. The ultimate goal is to improve the understanding of the interactions between pathologic protein accumulation and the loss of synaptic dopamine function in understanding motor and cognitive aspects of PD.
Materials and Methods
Data collection from PPMI F-AV133 PET scans and T1 weighted structural MRI scans [20] . 10-min (2×5min) 18 F-AV133 images acquired at 80.8 (± 2.8 SD)
min post tracer injection were used in the study. As described below in more detail, the downloaded 18 F-AV133 PET images were then processed and analyzed at both regions of interest and voxelwise levels. The relationships among 18 F-AV133 brain uptake, CSF biomarkers, and PD severity and/or progression, approximated by the UPDRS (Unified Parkinson Disease Rating Scale) motor scores and MoCA (Montreal Cognitive Assessment) scores were examined. The study was approved by the medical ethical committees at the respective centers, and written informed consent was obtained from all participants.
CSF Samples and Hemoglobin Tests 18 F-AV133 PET and MRI image processing
All PET and MRI images were processed using Statistical Parametric Mapping software (SPM8, Wellcome Department of Imaging Neuroscience, London, United Kingdom) and MATLAB (The MathWorks Inc.). The MRI images were normalized to standard Montreal Neurologic Institute (MNI) space using SPM8 with a high resolution MRI template provided by VBM8 toolbox [23] , and the transformation parameters determined by MRI spatial normalization were then applied to the co-registered PET images for PET spatial normalization. To study the spatial and temporal changes of 18 F-AV133 VMAT2 binding in PD progression, the PET and MRI images of the PD patients were reoriented so that the striatum contralateral to the symptomatic side was always on the left of the brain [24, 25] . The 34 regions of interest (ROIs) including cortex, striatum, and sub-striatum regions were manually drawn on the MRI template using PMOD software (PMOD Technologies Ltd., Zürich, Switzerland) in standard MNI space. The ROI of occipital cortex was used as reference tissue to calculate standardized uptake value ratio (SUVR) of 18 F-AV133 [26, 27] . The detailed methods could be found at
Statistical analysis
Analyses were performed with Statistical Package for the Social Sciences (SPSS) statistics (version 21; SPSS, Inc., Chicago, IL). Severity of motor signs in patients with Parkinson's disease was evaluated by using the Unified Parkinson's Disease Rating Scale motor subscale III (UPDRS-III) [8, 28] . The cognitive status was measured by Montreal Cognitive Assessment (MoCA) test [29, 30] . Comparison of demographics, VMAT2 data and CSF biomarkers between PD and healthy controls were tested with independent t tests. The relationships between the CSF biomarker and ROI SUVRs were explored by Pearson's correlations. Complementary to ROI-based analysis, voxel-wise statistical analysis was performed using SPM8 in the study. Statistical parametric maps (SPM) were obtained for correlations between each CSF biomarker and VMAT2 by calculating the linear regression between VMAT2 SUVR images and CSF biomarker concentrations, A more stringent probability level was used to control for multiple comparisons for the results of the linear regressions (at a p-value < 0.001 for clusters > 50 voxels, corrected for cluster volume).
Results

CSF biomarkers at baseline
Four hundred and nine PD patients and 188 healthy controls with baseline CSF biomarkers levels from PPMI were included in this study. The means and standard deviations of demographics and clinical assessments for the PD and control groups are listed in Table 1 . There were no demographic differences between groups of PD and healthy control. Consistent with previous studies [4] [5] [6] [7] [8] 11] , significantly lower levels of α-syn were seen in PD samples in comparison to controls (p<0.001), while Aβ 1-42 was only slightly decreased in PDs (p = 0.475). In contrast to the findings in AD [1, 5] , levels of t-tau were significantly lower in PD groups than those in controls (p<0.001). Alterations in p-tau, mirrored those of t-tau, also found to be significantly decreased in the PD group when compared with controls (p = 0.014, Table 1 ). Previous studies demonstrated that contamination of blood in CSF could have an influence on the level of some proteins [1, 3, 5] , so CSF hemoglobin (Hgb) levels were evaluated in all CSF samples to control for this variable. Among the 409 PD subjects with CSF α-syn measurements, 19.1% were shown to have high CSF Hgb levels (>200 ng/ml). A trend toward increasing values of α-syn was observed at high CSF Hgb concentrations (r = 0.428, p<0.001) (S1 Fig) . Therefore, 33 controls and 78 PD subjects with Hgb levels above the 200 ng/ml cutoff value were excluded, resulting in a total of 331 PD and 155 control subjects who were available for further α-syn analysis.
We analyzed the correlations among the CSF biomarkers within the PDs at baseline (BL). There was a significant correlation between CSF α-syn and Aβ in PD participants (r = 0.326, p<0.001). CSF α-syn and p-tau, t-tau levels also displayed strong positive correlations (α-syn vs. p-tau: r = 0.255, p<0.001; α-syn vs. t-tau: r = 0.648, p<0.001) (Fig 1) . However, the correlations between CSF Aβ 1-42 and tau did not showed significance in baseline analysis (p>0.1). These results were not altered appreciably with or without controlling for baseline UPDRS motor scale and MoCA scores. As previously reported [5] , no significant correlations among these CSF indicators were found in healthy controls (S2 Fig) .
As aging plays a role in PD pathogenesis [28] , we divided the PD subjects into two groups as early-onset PD (age at onset<50 yr) and late-onset PD (!50 yr) to investigate the effect of aging on CSF biomarkers [31] [32] [33] [34] . Ten PD patients and 13 controls were excluded due to missing age information, resulting 405 PD and 175 controls for analysis. No significant difference of the CSF α-syn levels, accompanied by t-tau and Aβ 1-42 levels, were found between the earlyand late-onset counterparts in the BL analysis (p = 0.206 and 0.175, 0.140, respectively, phosphorylated tau; t-tau: total tau. CSF markers were analyzed using a Luminex assay.
*: α-syn excluding subjects with Hgb>200ng/mL.
doi:10.1371/journal.pone.0164762.t001 Table 2 ). However, when comparing the CSF biomarker correlations between early-and lateonset PD groups, we discovered that the correlations between CSF indicators were much stronger in the early-onset PD group (S1 Table) . Especially, a significant correlation was observed between CSF Aβ 1-42 and tau levels in early-onset patients (S1 Table) , but as we mentioned above, no relation was found in the analysis of the PD patients as a whole.
Correlations of CSF biomarkers with 18 
F-AV133 PET data
Among the PD patients with CSF biomarkers measurements, 22 of them had 18 . One limitation of the AV133-PET data in PPMI was that not all the AV133-PET was applied at the same visit, i.e. the PET images might be collected at different visits. As the objective is to analyze the correlations between CSF biomarkers and VMAT2, so the CSF data collected at the same visits as AV133-PET were used. Finally, 11 sets of data collected at baseline, 10 sets of data collected at visit 04 (visits 12 months after BL), and 1 set of data collected at visit 06 (visits 24 months after BL) were used for further analysis. The means and standard deviations of ROI SUVRs of 18 F-AV133 binding in PD patients were illustrated in Fig 2. There were remarkable reduced SUVRs in PD group (n = 22) in striatum sub-regions as compared to healthy controls (n = 4). The SUVRs of the amygdala, cerebellum, substantia nigra, midbrain and medial temporal lobe reduced by 5-12% from healthy controls (to 67.7-92.5% SUVR of putamen, Fig 2) . As striatal VMAT2 binding is interpreted as reflecting integrity of the nigro-striatal dopamine system in PD dopamine is deemed to manifest the neuron integrity in PD development, we suppose that CSF biomarker levels, which reflecting pathologic protein accumulation in the neurons, might be correlated with VMAT2 evaluated with 18 Fig 3A-3C) . Similarly, t-tau and p-tau levels were significantly negatively correlated with substantia nigra and left ventral striatum VMAT2, respectively (r = -0.429 and -0.435, p = 0.046 and 0.043, Fig 3D) . No significant relationships were found between the CSF α-syn values and VMAT2. A representative SUVR image from a typical PD patient with high CSF tau levels showed higher VMAT2 SUVRs and better UPDRS motor scale/MoCA score as compared to patient of low CSF tau concentrations (Fig 4) .
Results from voxelwise statistical analysis showed that a single large cluster of 107 voxels (peak T = 4.46 at -12 mm, 14 mm, -3 mm in x, y, z) mainly involving the left caudate was negatively correlated with CSF Aβ 1-42 level (Fig 5A) . SPM map of CSF Aβ 1-42 levels correlations also revealed three small clusters (105, 51, and 99 voxels) that included the parahippocampal gyrus, insula and temporal lobe (Fig 5A) . In addition, SPM8 analysis detected negative correlations between CSF p-tau level and clusters of 118/66 voxels (peak T = 5.48 at -26 mm, 44 mm, -18 mm in x, y, z; T = 4.30 at 57 mm, -12 mm, 13 mm in x, y, z) mainly including superior frontal gyrus and transverse temporal gyrus (Fig 5B) .
Comparison of CSF biomarkers in PDs with possible cognitive decline
As CSF biomarkers were mostly correlated with the 18 F-AV133 SUVRs in brain regions known for cognitive function, we speculated that these proteins might be related to the cognitive function in PD patients. Subsequently we analyzed the relationship of these proteins with cognitive deficits that indexed by MoCA scores in PD [29, 30] . Ten PD patients were excluded due to missing MoCA information, resulting 405 PD for analysis. These patients were divided into cognitively normal (PD-ND, MoCA>25, n = 319) and cognitive impaired PDs (PD-D, MoCA 25, n = 86). Thus, a tendency for an increased CSF Aβ 1-42 level in PD-D when comparing with PD-ND, although not statistically significant, was noted (388.89±115.18 vs. 365.52 ±95.40 pg/ml, p = 0.087). Analysis of tau levels also showed slightly increased tau levels in cognitive deficit PDs (Fig 6) . No obvious difference was shown when comparing the CSF α-syn levels in PD-D (1823.87±819.30 pg/ml) and PD-ND (1851.59±776.49 pg/ml, p = 0.779). Finally, no apparent linear correlation was found between CSF biomarkers and disease progression of PD patients in the sub-groups (data not shown). 
Discussion
Our main findings were that: (i) as expected, CSF α-syn were significantly lower in PD as compared with controls. Aβ 1-42 was also decreased in PDs, but the effect was not significant. In contrast with elevated CSF t-tau and p-tau in Alzheimer disease, CSF tau were significantly lower in PD; (ii) CSF α-syn positively correlated with Aβ 1-42 and tau levels in PD participants, and the correlation was more greater in the early-onset PDs; (iii) CSF Aβ 1-42 and tau levels were inversely correlated with VMAT2 SUVRs in cortical brain areas associated with cognitive dysfunction.
Several studies, including the present one, have shown that CSF α-syn is significantly decreased in patients with PD compared with controls [4-6, 8, 11] . The reduced α-syn levels in CSF, most likely reflect the balance of the accumulation α-syn fibrillary aggregates in cortex and α-syn tangles secondary to the neurodegeneration in PD [35] . This has been suggested as a helpful biomarker for PD [4, 8, 36] . However, most studies indicated that CSF α-syn alone did not provide relevant information for PD diagnosis [37] , and cross-sectional studies failed to find correlations between CSF α-syn levels and PD severity progression [11, 35] , as we found no linear correlations between α-syn and progression of motor/cognitive symptoms in our study. We speculate that this phenomenon might be caused by the complication of the molecular pathogenesis of PD [38] . A growing number of studies support the hypothesis that the severity of PD is associated with the interactions between tauopathies and synucleinopathies [39, 40] , so the altered α-syn levels alone may not stand for the synergistic effects of the "triple brain amyloidosis" that leading to the neurodegeneration in PD [39, 40] . In support of this, recent study found that a combination of measures of cortical α-syn, tau, and Aβ pathologies in the regression model was more predictive of cognitive decline in PD than any single marker alone [40] .
In addition to significantly lowered α-syn level in PD patients, we also found levels of tau decreased in PD than in controls. It is suggested that CSF Aβ, tau, and α-syn may interact synergistically to promote the accumulation of each other in the cortex, and thus contribute to the pathological cascade of PD [40] . So the interpretation of the PD specific CSF tau decrease is also attributed to the α-syn accelerated depositing of tau. Indeed, there is evidence that certain α-syn fibrils might induce aggregation of tau by cross-seeding [41, 42] . Furthermore, α-syn has been shown to contribute to the phosphorylation of tau in various mouse and human models [42] . Our analysis of the correlations among CSF markers confirmed the strong correlation between Aβ, tau, and α-syn levels (Fig 1) .
The direct interactions among CSF biomarkers in Parkinson's disease have been repeatedly reported [39, 40] . In the current study, we investigated the impact of age at onset of the disease on the CSF marker interactions, as it is well known that patients with onset of Parkinson's disease fewer than 50 years of age may have a more favorable prognosis than those whose symptoms begin in a later age [34, 43] . Our results discovered that the correlations among the CSF markers were much stronger in the early-onset PDs (age at onset<50 yr), when compared with the late-onset subjects (!50 yr, S1 Table) . When excluding the patients !50 yr, a significant correlation between CSF Aβ 1-42 and tau levels showed up, while no relation was found in the analysis of the whole group. One potential testable hypothesis could be that the aggregations and deposition secondary to cross-seeding of the pathologic proteins may be less toxic than the oligomers composed of pure tauopathies, or synucleinopathies, as the amyloid oligomers have emerged as the most toxic species of amyloid-β and tau oligomers may be more closely related to tau neurotoxicity than the presence of the tangles themselves [44, 45] .
A relationship between β-amyloidopathy and cognitive functions in PD has been reported by in vivo imaging and postmortem studies [46] . The main finding of this study is that there is an inverse correlation between CSF Aβ 1-42 levels and VMAT2 SUVRs in brain areas known for emotion and cognitive function (caudate, parahippocampal gyrus, insula and temporal lobe), indicating that the cognitive status might be inversely correlated with CSF Aβ in PD patients. Although not statistically significant, our observation noted a tendency for an increased CSF Aβ 1-42 level with the worsening of the cognitive status in PD. This is counterintuitive because, as previously reported, the CSF levels of Aβ were lower in patients with PD compared to healthy controls in most studies [2, 3] . The decrease of CSF Aβ in PD may be caused by the progressive deposition of Aβ 1-42 in the brain, or by a decreased production of Aβ by neurons [47, 48] . Thus, one would expect PD progression to be associated with a further decrease, rather than an increase, in Aβ . However, our study showed an inverse relationship between neuronal dysfunction and CSF Aβ 1-42 levels. Actually, similar findings had been reported by Bouwman et al. They discovered a significant increase in CSF Aβ over baseline levels in patients with probable AD [49] . They concluded that, although CSF Aβ is reduced compared to controls, this may represent a compensatory response and levels might increase with greater cognitive impairment to suggest AD diagnosis [49, 50] . One interpretation of this increase could be that Aβ oligomers, more toxic and detectible in CSF, were released from the damaged neurons with the progression of the disease [51] . Arlt et al also reported a negative correlation between cerebral glucose metabolisms in the precuneus/posterior cingulate with CSF Aβ 1-42 concentrations [50] . This CSF Aβ increase accompanied by a decrease of neuron glucose metabolism might be better explained by the progressive loss of living neurons which causing constitutively producing and secreting β-amyloid protein into CSF.
The levels of CSF tau showed an inverse correlation with VMAT2 SUVRs in substantia nigra and left ventral striatum (r = -0.429 and -0.435, p = 0.046 and 0.043). This is quite similar to the results from the analysis of glucose metabolism and CSF markers [52, 53] . Ceravolo et al. targeted the relationship between CSF t-tau and p-tau and glucose metabolism in a cohort of 28 subjects with probable AD and showed a significant negative correlation between both t-tau and p-tau and glucose metabolism bilaterally in the temporal lobe, the parietal lobe, and the entorhinal/hippocampal region [52] . As expected, our subsequent analysis of the CSF tau levels and cognitive status in PD patients showed that tau concentrations increased with cognitive decline in PDs (Fig 6) . This increase in CSF tau levels parallel PD progression may be secondary to neuronal damage and cell death (i.e., tau being released from damaged cells).
Conclusions
This pilot study provides imaging evidence that CSF Aβ and tau levels negatively correlated with VMAT2 SUVRs in brain regions associated with cognitive dysfunction in PD, indicating a relationship between these pathologic proteins and dopamine degeneration in PD. Considering the high heterogeneity in PD development, we realized one main limitation of the study is that the CSF biomarker and VMAT2 correlation study was based on only 22 patients. If supported in larger studies the VMAT2 PET measures could relate to subsequent cognitive dysfunction especially in those early onset PD subjects under 50 years. The role of this relationship in PD progression, especially in patients with cognitive decline, can be studied longitudinally with the ongoing PPMI project to identify the earliest neurobiological changes associated with cognitive decline in PD. 
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